ABSTRACT Technological progress is often guided by new policies in an attempt to facilitate the desired future. The auto industry is no exception and is indeed continually advancing to meet increasingly stringent environmental standards that require a reduction in fuel consumption and greenhouse gas emissions. With the realization that the forced induction system is a viable solution that shows improved performance and complies with strict regulations, downsized turbo/super-charged (T/SC) engines have turned naturally aspirated (NA) engines into a niche technology. This paper employs a longitudinal efficiency analysis of internal combustion engines to assess the impact of regulations on technological changes in the 4-, 6-, and 8-cylinder segments over the past ten years. The results indicate that T/SC engines have further pushed their dominance in the technology frontier both in the compact segment and the luxury sports segment. If the current environmental and fuel economy regulations continue to become more stringent, a return to high-displacement unblown engines is unlikely to happen without a major breakthrough in NA technologies. We also show that the noticeable technological advancements have been made in 6-cylinder engines to fulfill the Euro 4 norm, while incremental progress has been made in the 4-and 8-cylinder engine segments.
I. INTRODUCTION
New policies often guide technological progress to facilitate the desired future. The auto industry is no exception and technological advances continue to be made to ensure compliance with stringent environmental regulations as well as fuel economy standards. For example, in 2009, an EU regulation set an average CO 2 emissions target for new passenger cars of 130 grams per kilometer. The target was gradually phased in between 2012 and 2015 and a target of 95 grams per kilometer will apply from 2021 [1] .
Although electrification of vehicles is one possible revolutionary solution, the majority of improvements are expected to come from evolutionary advancements in internal
The associate editor coordinating the review of this manuscript and approving it for publication was Bora Onat. combustion engines. Particularly in the mainstream auto market, the immediate impact of these improvements on environment and economy is considered to be much bigger than the effect achievable by the introduction of completely new technologies, which, at least for the time being, suffer from shortcomings in production, infrastructure, and public acceptance [2] - [4] .
There are two competing internal combustion engine technologies: naturally aspirated (NA) and turbo/super-charged (T/SC) technologies. The NA engine, which is the classic internal combustion engine, draws air and/or fuel into the cylinder depending solely on atmospheric pressure. In contrast, T/SC engines, which are forced induction systems, compress the air flow into the engine so that more fuel can be fitted, which allows for more power from the combustion process to be obtained in each cylinder. The key difference between turbo-chargers and super-chargers is the way they supply additionally demanded power to run the air compressor; the former recycle wasted energy from exhaust gas, whereas the latter use a crankshaft attached directly to the engine.
It is interesting to note that today's auto companies are being forced to use forced induction systems to meet fuel economy and greenhouse gas standards, which is the opposite of what these standards were originally invented for. In general, burning less fuel leads to less carbon dioxide emitted. As regulations necessarily drive the use of smaller engines, the forced induction system has been adopted more frequently with the purpose of downsizing engines without sacrificing performance, as opposed to boosting the performance with a given displacement.
Today, the high efficiency of T/SC engines has turned NA engines into a niche technology. T/SC diesel engines, specifically, offer improved torque and fuel economy due to advanced technologies that can efficiently exploit dense energy fuel. This, however, comes at the cost of producing more noxious gases per liter of fuel used than petrol engine counterparts. Particularly in the high-end vehicle market, T/SC engines are more likely to spool up to keep the engine from overheating by burning extra fuel in addition to using more fuel for combustion, thereby reducing fuel economy and creating more CO 2 [5] . Furthermore, turbo lag can be obtrusive in this segment where drivers need precise control of engine output. To overcome these shortcomings, recent engineering efforts have been focused on developing electrically-assisted turbochargers as well as low-sulfur diesel fuels, specialized catalytic converters, advanced filters, and other devices to cut down on toxic emissions [6] , [7] .
Several studies have researched benchmarking auto engines (or automobiles). Papahristodoulou [8] conducted a consumption efficiency analysis of passenger vehicles using data envelopment analysis (DEA). The author used two sets of variables, namely economic variables and technical performance variables, to evaluate the cost efficiency of 121 models. In a similar vein, Storto [9] carried out a benchmarking study to compare 29 Italian cars in different segments. By using information from the DEA, the author identified niches and dominating cars as well as trajectories for possible improvements of vehicles against competitors. Los and Verspagen [10] investigated the effect of technological changes on CO 2 emissions per displacement and showed that rates of technological change and diffusion patterns differ substantially among segments of the car market. More recently, Hwang et al. [11] evaluated the sustainable design performances of different vehicle designs for the automobile industry. In this research, undesirable factors were treated as dominating factors and hence an eco-efficient way to improve performance attributes was identified. Albeit non-academic, the international engine of the year [12] is another relevant benchmarking survey, as this is an annual competition for automotive industry internal combustion engines judged by a panel of automobile journalists.
This work is related to the above-mentioned studies but differs mainly in the following five regards: 1) we center the discussion on the measurement of technological changes and therefore employ a longitudinal efficiency analysis; 2) the focus of efficiency analysis is placed on the engine's energy conversion productivity; characteristics influenced by other design factors such as transmission or driveshaft are not taken into account; 3) the assessment considers both performance improvement and CO 2 emission reduction so that the 'better engine' is characterized as being greener as well as more powerful than others; 4) technical efficiencies of NA and T/SC engines are compared in the 4-, 6-, and 8-cylinder segments to determine if there are differences in adoption patterns; and 5) the evolution of the technology frontier is investigated by identifying the rate of change and breakthrough engines.
The rest of this paper is organized as follows. In the next section, Section 2, the research model is introduced and compared to other technometrics approaches. In Section 3, the dataset is introduced and descriptive statistics are presented. An application of the proposed model for longitudinal efficiency analysis of internal combustion engines is presented with a discussion in Section 4. Finally, significant findings are summarized and possible future research directions are proposed in Section 5.
II. METHODOLOGY
As the aim of this study is to gain insight into the effects of regulations on efficiency changes, it is necessary not only to conduct an efficiency analysis, but also define a measure to quantify technological changes. This subject is closely related to technometrics, a field of study that seeks to develop a figure of merit that combines multiple characteristics of technology systems to represent technical capabilities; changes in this figure of merit can then be investigated over time [13] , [14] .
Two types of technometrics approaches can be used: parametric or nonparametric. The former approach fits the technology frontier to a predefined functional form such as a hyper-plane [15] , ellipsoid [16] , generalized convex curve [17] , or iso-time surface derived from multiple S-curves [18] . In this respect, parametric models tend to be robust to noise, as noise is filtered out by the predefined 'general' pattern of the frontier. A nonparametric approach, in contrast, adapts the technology frontier to data without an a priori-specified shape, thus the resulting frontier is a piecewise linear combination rather than a curved surface [19] . It is worth noting here that, by definition, the shape of the technology frontier indicates system tradeoffs among technical capabilities. That being said, while the parametric approach presupposes that the shape of the frontier surface, namely system tradeoffs, does not change over time, the nonparametric approach elaborates changes during each time period for the given data.
As an example of a nonparametric RAND 1 technique, Inman [20] proposed a measure of frontier changes using DEA by accumulating technologies over time. This made it possible to identify multiple facets that contributed to the technology frontier, and tradeoffs in the corresponding design process could be explicitly considered. This feature is best exemplified by the segmented rate of change, which varies along the frontier and therefore enables relevant rates of efficiency changes in light of each technology's characteristics to be obtained [21] .
Building on prior studies [22] , [23] , suppose there are n decision making units (DMUs). Let
+ denote a desirable output vector, and w = (w 1 , . . . , w u ) ∈ R U + denote an undesirable output vector. Following the weak disposability definition of Shepherd [24] , the production possibility set PPS(x) for DMU k can be constructed as follows:
Note that constant returns to scale (CRS) is assumed by having the sum of the intensity vector λ jk be unconstrained, which satisfies weak disposability without introducing abatement factors [25] . The inequality constraints for input and desirable outputs impose free disposability, while equality constraints on undesirable outputs suffice for modeling weak disposability.
Having specified the PPS(x), efficiency measurement can take various forms. Here, the directional distance function is employed to measure the increase in desirable outputs and decrease in undesirable output simultaneously [26] . This can be denoted as below.
The nonzero directional vector g = (g y , g w ) determines the direction toward the ''better'' production possibility and was set to g = (y k , w k ) to avoid unit variant biases [27] . It should be noted here that having a single scaling factor β may allow slack in desirable output(s) that could be further augmented individually. However, this guarantees that maximum expansion of β indicates simultaneous improvements in both desirable and undesirable outputs. Considering the objective of this study, an equiproportional ratio β was adopted as = 0 and β T * k > 0 indicates that DMU k was located on the technology frontier at the time of release, but was later outperformed by the newly created technology frontier at T . Combining this information with the time gap between technology frontiers as denoted in (3) [22] , the rate of obsolescence observed by each DMU can be calculated as shown in (4) .
Notice that the rate of change (RoC) (γ T k ) is obtained by normalizing the degree of obsolescence (1 + β T * k ) with respect to the effective time (E k ). Equivalently, RoC is raised to the effective time during which obsolescence has been induced [32] . With this standardization, one can aggregate technological changes imposed on each DMU in the past to gain insight into the evolution of the technology frontier.
Last, the local RoC is computed for DMU(s) located on the technology frontier at T , that is, for peer(s) of obsolete past technologies. Each local rate of change therefore represents a growth pattern of adjacent frontier facets based on the efficiency changes observed from related past technologies [23] . Consequently, this enables identification of how much frontier expansion has been made by each benchmark technology. This can be formulated as shown in (5):
The local RoC (δ T j ) is the weighted average of changes observed in the adjacent technology frontiers; in (5), the numerator indicates the weighted sum of the relevant changes observed from outperformed technologies that have set DMU j as a benchmark, while the denominator indicates the accumulated contribution of DMU j to the expansion of the corresponding frontier facet. See more discussions on the computational details in [21] , [22] , [33] and relevant recent applications in [19] , [23] , [32] , [34] . occurred with a facelift, hence the dataset included total 1,206 engines with 4, 6, or 8 cylinders after filtering out vehicles equipped with duplicated engines. The Environmental Protection Agency (EPA) database was the main source used to obtain a complete list of vehicles introduced in the U.S. market with tailpipe CO 2 emissions test results, and autoevolution.com was cross-referenced with the manufacturer's technical reports to obtain performance figures, i.e., displacement, power, and torque.
IV. DESCRIPTIVE STATISTICS
Descriptive statistics of the dataset are provided in Table 1 . Not surprisingly, overall performance improved as the engine size increased at the expense of a higher level of CO 2 emissions. In addition, bigger engines had wider ranges of specifications, some of which overlapped with those of smaller engines. This implies the existence of various value propositions in the auto market, as can be seen from two-seater sports coupes as well as large luxury sedans in the premium 6-and 8-cylinder segments. Figure 1 illustrates performance improvement patterns of different engine types. Overall, the average power and torque increased over time; specifically, 6-and 8-cylinder engines showed steady progress, while 4-cylinder engines had relatively slower growth. It was evident that T/SC engines outperformed NA engines and that 4-and 6-cylinder T/SC engines' torques were almost on par with those of 6-and 8-cylinder NA engines, respectively. This reconfirms the feasibility of adopting forced induction systems in an attempt to downsize engines without compromising performance. The level of CO 2 emissions decreased for all three types of cylinders over time, with very little difference between T/SC and NA engines.
V. ANALYSIS A. TECHNICAL EFFICIENCY CHANGES
As previously discussed, the research model was designed to evaluate engine performance based on how efficiently displacement is converted into two desirable outputs, i.e., power and torque, and one undesirable output, i.e., CO 2 emission. Note that slack maximization was additionally implemented to guarantee Pareto-efficiency. Figure 2 illustrates the distribution of the technology frontier according to type of engine. For example, the technology frontier of a 4-cylinder engine in 2005 consisted of 20% NA petrol engines and 80% T/SC engines, the latter which was divided into a 20% petrol engines, 60% diesel engines. 
TABLE 2. Efficiency depreciations resulting from technological advancements (4 cylinder engines).
Four-cylinder NA engines have been absent from the technology frontier since 2011, that is they were superseded by T/SC engines. As will be elaborated on in a later section, this can be attributed to downsizing of passenger vehicles to comply with the EURO 5 standards.
Likewise, T/SC engines have increased in dominance in the technology frontier of the 6-and 8-cylinder segments. Even though 6-cylinder NA diesel engines replaced their NA petrol counterparts in 2008 and divided the technology frontier with T/SC engines until 2014, they are no longer competitive enough to be a part of the technology frontier in 2015. This competition has resulted in great technological advancement across the segments. Similarly, the only components of 8 cylinder technology frontier since 2012 have been T/SC engines. Tables 2, 3 , and 4 contain information about how long efficient engines have remained on the technology frontier as well as how much their efficiencies have depreciated over time. For example, as shown in Table 2 , the Audi TT roadster quattro was introduced with one of the most efficient engines in 2006 and retained its competitiveness until 2010 when new models were introduced.
As is shown in Fig. 2 , T/SC technologies dominate NA technologies, especially in the 4-cylinder segment. The Mitsubishi Lancer Evolution X models exhibit notable superiority as they have been competitive from their debuts to 2015 (see Table 2 ). In fact, the Lancer Evolution series are one-of-a-kind road-licensed high performance sports sedans that Mitsubishi introduced into the global market after their immediate success in Japan. The Lancer Evolution X model was nominated as one of the top 10 ''World Performance Cars of the Year'' by the World Car Awards in 2009 [35] and was named the ''Best Performance Car under $50K'' by Motoring magazine in the same year [36] . Even compared to more recent vehicles, Lancer Evolution X (2009)'s per liter power and torque, i.e., 147.5 HP/L and 135.0 lb·ft/L, respectively, far outperform the average of 2015 T/SC engines, i.e., 119.6 HP/L and 128.5 lb·ft/L, respectively.
Compared to 4-and 8-cylinder segments, diesel engines have gained more ground against petrol engines in the 6-cylinder segment. It is also interesting to note that all the efficient diesel engines except for the Mercedes-Benz E320 Cdi have a 3-liter displacement while petrol counterparts have bigger engines ranging from 3.2 liters to 3.8 liters.
Given the fact that most of those 3-liter diesel engines are also T/SC engines, there is a segment that requires leisurely acceleration from a lower speed with relaxed driving conditions due to higher torque at lower revs. As can be seen in Table 3 , most T/SC diesel engines are used in mediumlarge sedans such as Mercedes-Benz E and S class, BMW 7 series, or Audi A6 and A7 models, while petrol engines are mostly used in sports coupes such as the BMW M3 and Z4 M, Porsche 911 series, and Nissan GT-R.
Although NA petrol engines are no longer competitive in the 8-cylinder segment, they were competitive until MY 2011. This trend is, in fact, consistent with the competitive landscape of NA and T/SC engines in the high-end auto market. The 'spine-rattling' experience afforded by NA engines due to the instantaneous response of high revving engines with unencumbered exhaust sound is one of the key factors sought after in this segment. As shown in Table 4 , this need was fulfilled by Ferrari's mid-ship lineups, Chevrolet's Corvette, and Mercedes-Benz's AMG models, for which fuel economy is not a consideration.
T/SC engines, in contrast, have 'practical merits,' including superior low revving torque, relatively cheap production costs, and low fuel consumption, because of their light and compact design as well as recent tax incentives. Technical innovations have overcome the chronic weaknesses of TC engines such as off-boost lethargy and turbo lag [37] - [39] . Although we did not take emotional or economic factors into account in our research model, our data show that relatively small T/SC engines have already overtaken large NA engines, at least in terms of technical capabilities as well as CO 2 emission, and therefore if environmental and fuel economy regulations continue to become more stringent, a return to high displacement unblown engines is unlikely without a major breakthrough in 8-cylinder NA technologies.
Notably, the Audi Q7 models stand out as the only TC diesel engines that remain on the 8-cylinder technology frontier in 2015. This can be attributed to their excellent per liter torques: 133.6 lb·ft/L for MY 2008 and 140.5 lb·ft/L for MY 2010, which rank 3 rd highest and highest in the entire 8-cylinder engine field, respectively. Indeed, the Q7 models were Audi's first foray into the performance-oriented on-road SUV market, and these were known as some of the most powerful diesel engines until they were recently replaced by 6-cylinder plug-in hybrid engines. Figure 3 summarizes the per liter performances of engines that have created technology frontiers. It is surprising that top-ranked T/SC engines offer similar power as NA engines in addition to superior torque and less CO 2 emission, which is incongruent with the general notion that NA engines exploit higher revs and therefore are more advantageous for gaining more power. This again reconfirms that recent technological advancements in T/SC engines have helped to overcome their weaknesses. Moreover, it is worth noting that the per displacement torques of 8-cylinder engines are not as good as those of 4-and 6-cylinder engines, regardless of if the engine is a T/SC engine or NA engine. This indicates decreasing returns in the number of cylinders because of a shortened engine stroke.
B. TECHNOLOGY FRONTIER CHANGES
The discussion of different types of engines so far has been based on the technical measure of efficiency at each time period. To gain further insight into the evolution of the technology frontier, this section provides information about the rate of efficiency changes made by various engines to allow identification of breakthrough engines. Figure 4 illustrates the average rate of change of the three types of engines. For example, MY 2007 6-cylinder engines extended the previous technology frontier and this evolution resulted in about 3% of annualized obsolescence of engines efficient in the past, that is, they became more inefficient (produced less power and torque and emitted more CO 2 ) than the newly created technology frontier. The rate of change can therefore be a yardstick of how much technological advancement has occurred in a time period. The overall pattern revealed that the 6-cylinder segment experienced rapid progress between MY 2006 and 2010 whereas the 4-and 8-cylinder segments showed incremental advancements over time.
One may then ask what engines have contributed to extending the technology frontier farthest. As noted previously, the local rate of change contains this information, and Table 5 summarizes the top five engines for each cylinder segment that brought about breakthroughs.
In the 4-cylinder segment, Mercedes-Benz engines stood out. Above all, the Mercedes-Benz CLA45 AMG is the most innovative TC petrol engine with the highest per liter power, i.e., 180 HP/L, and the 3 rd highest per liter torque, i.e., 166 lb·ft/L, across all types of engines. This impressive performance was achieved with only moderate CO 2 emissions, which rendered previous efficient engines obsolete at the annual rate of 4.86%.
German engines show clear superiority in the 6-cylinder segment. In particular, Porsche 911 series have had a great effect on extending the technology frontier further by replacing their own siblings. The MY 2007 Porsche 911 GT3 is the only car with an NA engine in the list. The fact that this car was superseded by the MY 2009 Porsche 911 Turbo with the greatest local rate of change, which was then further made obsolete by subsequent advancements in its successors, emphasizes the extent to which current T/SC engines are ahead of NA engines in terms of both performance and CO 2 emission.
The 8-cylinder segment comprises a variety of engines that have shown rapid technological progress with no specific manufacturer or model dominant. The McLaren MP4-12C has a power of 625 HP, which is the highest among engines with under 5 liters of displacement. In addition, the luxury super-sports sedans experienced significant advancements recently, as exemplified by the Maserati Quattroporte GTS, Mercedes-Benz CLS63 AMG, and Audi RS 7.
VI. CONCLUSIONS
Continuing efforts are being made in the auto-industry to improve engine performance and comply with stringent environmental regulations. With the recognition that the forced induction system is a viable option to achieve those goals, downsized T/SC engines have turned NA engines into a niche technology. This study investigated the energy efficiency changes of NA and T/SC engines to identify adoption patterns and breakthrough engines in the 4-, 6-, and 8-cylinder segments over the past decade.
The results indicate that T/SC engines are indeed enlarging their dominance of the technology frontier. Specifically, Mercedes-Benz engines stood out among others in the 4-cylinder segment and, inter alia, the CLA45 AMG was found to be equipped with the most innovative TC petrol engine. In the 6-cylinder segment, the Porsche 911 series greatly extended the technology frontier by replacing their own predecessors, while 3 liter diesel engines have formed a premium sedan market. The 8-cylinder segment comprises a variety of engines that are the result of great technological progress, and there have been significant advancements in the luxury super-sports sedan market.
Although anticipation of a 'spine-rattling' experience has played an important role in attracting people to large NA engines in the high-end auto market, if current environmental and fuel economy regulations continue to become more stringent, a return to high displacement unblown engines is unlikely to happen without a major breakthrough in NA technologies. Moreover, recent technological advances in T/SC engines have helped overcome their chronic weaknesses such as low power, off-boost lethargy, and turbo lag, further increasing the dominance of T/SC engines.
As an extension of this study, one may also take a similar approach to examine drivetrain efficiency by measuring how engine performance contributes to the vehicle's overall performance. Network DEA would be a suitable technique for this application. The three cylinder segment could be further examined. Moreover, time series analysis of reference information obtained by the intensity vector may provide further insights into technology adoption patterns.
Other future research might focus on competitive market segments such as the 3-liter sports coupe segment, for which both 6-and 8-cylinder engines are in contention.
Similarly, more precise adoption patterns could be established by taking different engine strokes or fuel types into account. Lastly, the rate of technological progress could be further examined to estimate the expected performance improvement along with the imposed CO 2 emission targets. In this regard, other emitted gases, such as hydrocarbons, carbon monoxide, carbon dioxide, and nitrogen oxide, could be investigated in future studies.
APPENDIX
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